Tree-level accidental symmetries are known to play a fundamental role in the phenomenology of the Standard Model (SM) for electroweak interactions. So far, no significant deviations from the theory have been observed in precision, flavour and collider physics. Consequently, these global symmetries are expected to remain quite efficient in any attempt beyond the SM. Yet, they do not forbid rather unorthodox phenomena within the reach of current LHC experiments. This is illustrated with a vectophobic Two-Higgs-Doublet-Model (2HDM) where effects of a light, flavourviolating and custodian (pseudo)scalar might be observed in the B s → µ + µ − decay rate and in the diphoton invariant mass spectrum at around 125 GeV.
Introduction
Baryon number conservation, invoked [1] to explain the striking stability of the proton against p → e + γ , played a crucial role in the building of the quark model and turned out to be a tree-level accidental symmetry of the SM. Indeed, its associated U (1) B group is only broken by very tiny quantum effects linked to the gauge coupling of SU (2) L . Remarkably, once splitted into distinct sectors, the SU (2) L × U (1) Y gauge-invariant SM Lagrangian has progressively revealed other accidental global symmetries that are now quite useful for our understanding of electroweak processes among the three up and down quarks.
On the one hand, the so-called custodial symmetry is an accidental one arising from the Higgs potential of the SM. It has been identified [2] as the responsible for the amazing success of the tree-level mass relation
with respect to the electroweak precision data. Indeed, its associated SU (2) L+R group is only explicitly broken by the up-down quark mass splittings, in the limit where the gauge coupling of U (1) Y can be neglected (or equivalently if θ W → 0). On the other hand, the large flavour symmetry [3] with unitary transformations acting respectively on the left-handed quark doublets, the right-handed charge 2 3 quarks and the right-handed charge − 1 3 quarks is an accidental symmetry in the Yang-Mills sector of the SM. It is used to classify all Flavour Changing Neutral Currents (FCNC) beyond tree-level in terms of the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix
where the U u,d
L are misaligned unitary matrices relating the u L and d L weak eigenstates to their mass eigenstates. In other words, the CKM matrix is obviously invariant under the associated U (3) Q L × U (3) U R × U (3) D R but these flavour groups are explicitly broken by the up-up (down-down) quark mass splittings.
In the SM, both the accidental (bosonic) custodial and (fermionic) flavour symmetries are violated by the Yukawa couplings of the single Higgs field to the quark ones, in a way consistent with all the available data. Naively, the safest way to go beyond the SM is to ensure a minimal violation of these global symmetries. Yet, this does not necessarily guarantee orthodoxy. Indeed, such an extension of the SM through the introduction of a second (vectophobic) Higgs doublet might already lead to non-standard B s → µ + µ − decay rate and two-photon invariant mass spectrum at running LHC experiments.
Custodial symmetry
If we impose a custodial symmetry on the 2HDM potential, the physical states can be naturally classified in triplet and singlet irreducible representations of the unbroken SU (2) L+R , namely
and
Retaining CP violation as part of flavour violation, we assume the spin-0 sector to be CP invariant with H 0 and A 0 the new scalar and pseudoscalar, respectively. Based on a custodial symmetry, these assignments with h 0 behaving as the SM scalar and all the new physical states beyond the SM being in Φ 2 would correspond to a particular case of the so-called Higgs basis [4] (defined by the angle β for the G ± -H ± and G 0 -A 0 mixings) with a further assumption on the H 0 -h 0 mixing angle, namely α = β − π 2
. The triplet in eq. (3) corresponds to the massless Nambu-Goldstone bosons. In the limit where the scalar triplet in eq. (4) is also degenerate in mass, the custodial SU (2) L+R symmetry is minimally broken like in the SM (i.e., by m b m t and θ W = 0) since Φ 2 is vectophobic and its quantum corrections to the ρ parameter cancel. In the following, we will assume that the singlet component of Φ 2 is light compared to its triplet partners, i.e.
to seek out new physics beyond the SM in current experiments. As for the SM-like h 0 mass, it remains temporarily a free parameter depending on the triplet mass splitting through the ρ parameter. Note that the second, CP-twisted, case with a light pseudoscalar A 0 may also naturally arise either from a spontaneous symmetry breaking [5, 6] or from a dynamical [7] one. Yet, the option of a fundamental or effective Higgs potential is left open hereafter.
Flavour symmetries
In the custodial 2HDM characterized by eqs. (3) and (4), the Yukawa couplings are given by
Consequently, all the fermions acquire a mass through their coupling Y to Φ 1 while treelevel FCNC are induced by their coupling Z to the new spin-0 fields in Φ 2 . As these FCNC are very much constrained by experimental data, some mechanism must be found in order to suppress them. A popular way to forbid any FCNC at tree-level is the so-called Natural Flavour Conservation (NFC) hypothesis [8] based on a flavour blind symmetry. However, here, if the Higgs doublets have a different parity under the discrete group Z 2 (Φ 1 → Φ 1 and Φ 2 → −Φ 2 ) the Z couplings are not allowed, the vectophobic Φ 2 becomes also fermiophobic and we simply recover the flavour physics of the SM. So, let us consider another way to tame but not eliminate FCNC at tree-level beyond the SM, namely the Minimal Flavour Violation (MFV) hypothesis [3, 9, 10, 11, 12] . To formulate the MFV hypothesis, one first considers the full flavour symmetry of the gauge sector. Although the Yukawa couplings explicitly break 
By doing so, the Yukawa couplings are promoted into auxiliary fields or spurions. The MFV hypothesis as formulated in [13] and implemented here is based on two conditions:
• The new flavour structures beyond the SM must be invariant under the G f group. To implement this first condition, the new flavour structures are written as a series in terms of the spurions. The minimality of the hypothesis is guaranteed by imposing that only the spurions needed to account for the fermion masses and mixings are allowed.
• The coefficients of the MFV expansion in terms of the spurions must be natural, i.e. O(1). This second condition is imposed to let the spurions be the only structures responsible for the masses and mixing hierarchies and to avoid any further fine-tuning.
The three U (1) symmetries forsaken in eqs. (7) and (8) can be rearranged to correspond respectively to the vectorial baryon number, the chiral hypercharge and the axial PecceiQuinn charge,
In the SM, the U (1) B remains an accidental symmetry while U (1) Y is spontaneously broken since the Higgs doublet carries no baryon number but a non-zero hypercharge. In a general 2HDM, it is also possible to decouple the breaking of the U (1) P Q by shifting the PQ charge of the spurions to the Higgs doublets. However, in eq. (6) only Φ 1 generates the quark masses and mixings such that the minimality requirement would then imply massless up or down quarks.
In the past, spurions were introduced for a straightforward isospin decomposition of the weak K → ππ decay amplitudes or to provide Goldstone bosons with a small mass in a chiral invariant effective theory for strong interactions. In the first case, these spurions are just auxiliary fields with no physical meaning while in the second one, the light quark mass matrix promoted to a field is eventually related to the Higgs one. Here, MFV gives rise to an effective low-energy theory which does not make any assumption about the possible underlying high-energy dynamics of the spurions. They could well be the background values of new heavy scalar fields called flavons [14] .
To apply the specific formulation of MFV given above to eq. (6), we simply have to express the new flavour structures Z i as series of the Y i couplings in a G f invariant way. If we neglect down quark masses with respect to the top one, the Y d coupling can be set to zero inside the series. Using the Cayley-Hamilton relation for a 3 × 3 Hermitian matrix, we then obtain the following Yukawa couplings to Φ 2
In the aligned 2HDM [15, 16] , the relations among the Yukawa couplings are equivalent to eqs. (10) and (11) when considering only δ 0 and υ 0 and allowing them to be complex. Yet, the other terms are all assumed to be induced through quantum effects such that δ 1,2 and υ 1,2 are loop factors much smaller than one. In this limit, NFC is recovered and relations to the tan β (cot β) coefficients for the various Z 2 invariant Type-I and Type-II models can easily be established. The contribution to theB s → X s γ of the 2HDM analysed in this work does not differ much from the one in [17] . So, the resulting limit imposed on the charged Higgs mass is m H ± 400 GeV (12) for natural values of the MFV coefficients, namely δ i and υ i close to one. Hereafter, we will saturate this bound by taking the mass of H ± and its custodial neutral partner (see eq. (5)) at 400 GeV. Note that the new LHC bounds do not apply to the heavy H 0 (A 0 ) since it may decay in a non-standard way via
The MFV hypothesis has already been implemented in various 2HDM. In [9, 10] , the SU (2) L × U (1) Y gauge-invariant operators were classified. These dimension-six operators are Λ −2 suppressed only if the scale hierarchy M W m H 0 ,A 0 Λ is assumed. Such an effective approach differs from ours since we consider MFV with H 0 or A 0 lighter than the top quark and rather close to the W-mass scale. In [11] , the MFV hypothesis was formulated in the generic basis with CP violation in a Type-II model for large tan β. Here, by formulating MFV directly in a CP-invariant and vectophobic basis, we have simply rotated away any tan β dependence.
In our vectophobic 2HDM, the down tree-level FCNC are induced by the following Yukawa interactions expressed in terms of the quark mass eigenstates
with i = j,
and M u(d) , the diagonal up (down) quark mass matrix. Note that we have only taken into account the first non diagonal term in eq. (10) . Indeed, the huge mass hierarchy in the up sector implies that (Y † u Y u ) 2 is almost aligned to Y † u Y u in the three dimensional flavour space and the naturalness principle imposes that the δ i and the υ i are O(1). If we only consider the leading contribution from the top quark mass, the Z d coupling can be expressed like
As far as the up tree-level FCNC are concerned, they are simply absent from eq. (11). This implies that we will not consider the D 0 meson mixing and decays which are anyway polluted by sizeable long-distance effects.
∆F = 2 mixings
In the following, we analyse the implications of our custodial 2HDM with MFV in a few ∆F = 2 quantities. In particular, new contributions to the B s meson mass difference as well as to the | K | parameter that estimates the amount of CP violation in the neutral Kaon system will be studied. In the SM, these quantities are dominated by short distance (SD) transitions and mainly induced through virtual top quark box diagrams.
The ∆F = 2 effective Hamiltonian associated to the Yukawa interactions given in eq. (13) reads
Within the SM, the SD ∆F = 2 transitions take place through the one-loop box diagrams and the corresponding effective Hamiltonian is proportional to the operator
At the hadronic level, using eq. (15) and with the help of the Dirac equation, one can thus express the matrix element for eq. (16) as follows
In eq. (18), the factor 16π 2 stems from the SM one-loop contribution while x encodes the full dependence on the top quark mass (m t (m t ) = 163.4 GeV)
The sign of the CP-odd (−) A 0 and CP-even (+) H 0 exchange contributions in eq. (18) can easily be understood by comparing with the general expression for any long-distance (LD) contributions to a ∆F = 2 transition [18]
in the limit of CP-invariance. For illustration, in the case of the K L -K S mass difference, the single pseudoscalar exchange LD contribution is positive for the pion (lighter than the kaon) but negative for the η ( ) (heavier than the kaon) [19] , leading to a rather strong cancellation in the chiral perturbation theory [20] .
The measured | K | parameter in the K 0 -K 0 system would alone clearly welcome some enhancement, i.e. a rather light H 0 , to relax a potential tension within the SM [21, 22] . However, as displayed in figure 1 , theB s -B s system already excludes such a scenario. In fact, eq. (18) directly tells us what will be the effect of a light H 0 or A 0 on the various ∆F = 2 systems. Indeed, the new term with respect to the SM contribution is proportional to the square of the meson mass m M . Such a feature implies a bigger effect in the B-meson system case than in the Kaon one and almost no difference between the B d and B s systems. Contrariwise, in the decoupling limit with m A 0 = m H 0 ≈ Λ, eq. (17) tells us that any correction with respect to the SM should scale as 
The
In the SM, the rare B s → µ + µ − decay takes place through box and penguin diagrams, leading to an effective Hamiltonian proportional to the single axial operator
However, when introducing new physics beyond the SM, contributions from other operators can be sizeable. In the specific 2HDM under scrutiny, tree-level flavour changing neutral Higgs exchanges induce the following new scalar and pseudoscalar operators [23] 
if the limit m s m b is taken again. In order to compute the branching ratio associated to this decay, MFV needs to be introduced in the lepton sector as well. This can be done in analogy with the quark sector. Yet, the specific lepton mass spectrum allows us to truncate the MFV series for Z at first order
In any model where the operators in eqs. (22) and (23) give non-negligible contributions, the branching ratio can be expressed as follows
where C A = 2Y (x t ) ≈ 2.0 is the Wilson coefficient associated to the SM axial operator. In our 2HDM, the coefficients C S and C P are defined by From eq. (25) we expect quite different behaviours depending on whether the lightest spin-0 particle is A 0 or H 0 . Indeed, parity implies that the SM Q A operator only interferes with the A 0 -induced Q P . Consequently, the B s → µ + µ − branching ratio is linear in C P but quadratic in C S . That explains why, in figure 2 , the contribution of a 2HDM with A 0 the lightest flavour-violating spin-0 particle is more important To summarize this section on flavour physics, let us enphasize once more that within MFV, the expansion coefficients in eqs. (10) and (11) are O(1) to fulfill the naturalness condition expressed hereabove. To display the maximal effect of a custodial 2HDM on K and B physics, we have simply taken δ 1 = λ 0 = 1 in Fig.1 and 2 . With these natural values, the B s mixing provides a lower bound around 150 GeV for the lightest H 0 or A 0 . However, given the theoretical uncertainties, if these coefficients are slightly smaller (say 1/2), flavour physics alone would still allow for m H 0 ,A 0 around 100 GeV. Yet, in this case the constraint from B s → µ + µ − becomes weaker than the one displayed in Fig.2 and almost no deviation from the SM can be expected. [27] . For the K parameter, we also rely on the new inputs given in [28] .
SM predictions Measurements
4 Two-photon signal(s) at the LHC Recently, the ATLAS [29] and CMS [30] LHC experiments at CERN have reported an excess of events in the two-photon invariant mass spectrum at around 125 GeV. The possibility that the A 0 or H 0 present in a 2HDM is responsible for such a signal has already been considered in [31] and [32] , respectively. Let us briefly (re)consider these possibilities in the context of our custodial 2HDM characterized by eqs. (3) and (4) .
In the SM, the Φ 1 doublet alone is responsible for the gauge boson and matter particle masses (M W = gv 2 and m t = y t v √ 2 ) [33] . As a consequence, h 0 is both vecto and fermiophilic and the dominant contributions to the diphoton events are due to top and W loops. In the 2HDM advocated here, the H 0 and A 0 are vectophobic (i.e. g HV V = g AV V = 0 with V = W ± , Z 0 ) and only the top contributes. The number of events in the diphoton invariant mass spectrum is proportional to the production cross-section times the decay branching ratio. Remarkably, the ratio normalized to the SM rate
is rather sizeable and quite stable for spin-0 particles with a mass running from 0 to 125 GeV
if the production is dominated by gluon-gluon fusion via a top quark loop and in the limit where the total decay widths are dominated by the bb final state. (Note however that in the SM the W W * and ZZ * decays contribute to approximatively 25% of the total width at 125 GeV.) This striking behaviour of the ratio R as a function of the (pseudo)scalar mass is due to the fact that the two-gluon and the two-photon couplings of a light spin-0 particle are determined by the so-called axial and scale anomalies. The corresponding effective Lagrangians describing these anomalies for
with O(1) c-coefficients given by
In eq. (32),
is the electric charge of the top quark while the second term of c γγ (+) comes from the W-loop which is absent in the case of a vectophobic scalar H 0 . In figure 3 , the analytical expressions (explicitly given in [31] ) have been used to plot the ratio R as a function of the (pseudo)scalar mass. An interesting feature of our 2HDM is that the ratio R is of order one because of the naturalness principle of MFV (δ i , υ i ≈ 1). In the scalar case (i.e. H 0 -dominated), the number of events is expected to be smaller than in the SM even for large values of the MFV coefficients. The pseudoscalar case (i.e. A 0 -dominated), on the contrary, is quite compatible with R = 1 at 125 GeV for natural values of the υ i and δ i coefficients. It would also be able to account for a possible excess with respect to the SM expectation.
Two possible custodial scenarios with a light vectophobic A 0 (H 0 ) are thus within the reach of the present LHC data. The first one would correspond to the following mass hierarchy
with the h 0 mass in any case above the A 0 A 0 (H 0 H 0 ) threshold to avoid the LHC bounds on a heavy SM-like Higgs boson, and with a suitable mass-splitting between the custodian A 0 (H 0 ) and H ± to satisfy the bounds from electroweak precision data. The second one, more consistent with respect to the custodial symmetry, would correspond to
with now two light resonances to be seen in the diphoton invariant mass spectrum. Needless to say that the forthcoming LHC results on Vector-boson fusion at the production level and on Vector-Vector final states at the decay level will be critical for these vectophobic scenarios. In particular, any excess from VV production or decay at around 125 GeV would rule out the scenario in eq. (34) but not the one in eq. (35) if the custodian A 0 (H 0 ) and H ± are now sufficiently degenerated in mass to allow a light SM-like h 0 compatible with the ρ parameter.
If future LHC data on B s → µ + µ − and two-photon signals appear to be compatible with a single SM-like Higgs boson, the case where all new bosons are considerably heavier than the SM-like would still be allowed in the vectophobic 2HDM. Such a scenario corresponds to the usual decoupling regime,
Conclusion
In this paper, we have considered a vectophobic 2HDM with a minimal violation of the flavour and custodial symmetries accidentally present in the SM. On the one hand, the B s system provides us with the strongest indirect constraint on a light flavour-violating (pseudo)scalar. On the other hand, a direct way to test the model proposed in this work is the diphoton invariant mass spectrum at the LHC. In particular, a light custodian pseudoscalar A 0 could even allow for a two-photon excess with respect to the SM expectation. However, the A 0 and H 0 particles being vectophobic, any evidence of W + W − or Z 0 Z 0 gauge boson contributions at the production or decay level would also require a light SM-like scalar, namely a second diphoton signal. Finally, let us underline that other channels could provide interesting signatures at the LHC. In particular, the allowed H 0 -A 0 -Z 0 coupling might induce a sizeable contribution to the Z( ¯ )bb cross-section as already enphasized in [6] .
